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Introduction {#sec1}
============

Mitochondrial replacement has the potential to reduce the transmission of inherited mitochondrial diseases ([@bib34], [@bib25], [@bib10], [@bib32]). However, mitochondrial replacement will inevitably result in trace levels of heteroplasmy ([@bib25], [@bib10], [@bib32]). Although such trace levels of heteroplasmy do not exceed a pathogenic threshold, if the pathogenic maternal mitochondrial DNA (mtDNA) is given a selective advantage, it is possible that it achieves dominance and manifests a pathogenic phenotype through the process of segregation, a common phenomenon in tissues of patients with mitochondrial disease ([@bib9], [@bib24]). Recent studies of human mitochondrial replacement show sharp drifts of pathogenic mtDNA haplotype on a cellular level ([@bib12], [@bib20], [@bib37]), indicating that the nuclear genome preferentially regulates the replication and segregation of the native pathogenic mitochondria. Thus the requirement of a functional match between donor and recipient mtDNA, as well as between the mtDNA and nuclear genome, is of the utmost importance in clinical applications of mitochondria replacement ([@bib21], [@bib26], [@bib30]; [@bib31]). Previous study suggested that the segregation of donor mtDNA in mitochondria replacement could be alleviated if the donor mtDNA haplotype matches with the recipient mtDNA haplotype ([@bib21], [@bib27]).

Obviously, the optimal recipient mitochondria would have the same haplotype as the donor. However, it is impossible to have two identical haplotypes of mtDNA in humans ([@bib11]). However, the shorter the genetic distance between haplotypes, the less pronounced is the segregation bias. Therefore, exploring haplotype matching between donor and recipient mtDNA is particularly important for eliminating segregation of donor mtDNA. As tissue-specific segregation of different mtDNA genotypes is also common in heteroplasmic mice created from ooplasm or nuclear transfer, various heteroplasmic mice models were used to elucidate the mechanisms for controlling segregation of different mtDNA genotypes ([@bib19], [@bib23], [@bib28], [@bib3], [@bib33], [@bib14]). Among these models, heteroplasmic mice constituted by NZB and C57BL/6N were the dominant heteroplasmic models with 106 single nucleotide polymorphism (SNP) differences. In addition, Burgstaller et al. found highly significant positive correlation between individual tissue-specific segregation and mtDNA genetic distance in specific heteroplasmic mice generated using wild mice in Europe and C57BL/6N, where the wild mice display a spectrum of genetic distance (18, 86, 107, and 416 SNP differences at mtDNA) with C57BL/6N ([@bib5]). Common segregation present in those heteroplasmic mice indicated that none of the models above underwent haplotype matching, leading to the absence of related progress in segregation.

Here we therefore intend to shorten the distance between the donor and recipient mtDNA haplotypes to explore whether matching mtDNA haplotypes between donor and recipient mtDNA can circumvent the segregation bias toward donor mtDNA in tissues of mitochondria replacement mice ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). We had established a specific model of heteroplasmic mice from NZW/Lac J and B6D2F1 (C57/BL6×DBA) using mitochondria replacement from our past study ([@bib34]). The mtDNA genotypes of NZW strain differ from those of C57 strain at only three SNPs, making them ideal models for matching mtDNA haplotypes. To study the effect of matching mtDNA haplotypes on the tissue segregation, we reared offspring of the heteroplasmic mice to test whether matching mtDNA haplotypes between "donor" and "recipient" can circumvent the segregation of donor mtDNA ([Figure S1](#mmc1){ref-type="supplementary-material"}C).

Results {#sec2}
=======

Tissue-Specific "Segregation" Gradually Disappeared with the Increase of Donor mtDNA Mean Heteroplasmy in Adult Mice {#sec2.1}
--------------------------------------------------------------------------------------------------------------------

To explore whether matching mtDNA haplotypes can circumvent the segregation bias, we first sought to test whether the segregation occurred in different tissues from heteroplasmic mice with 3 SNP difference ([Table S1](#mmc1){ref-type="supplementary-material"}), which was derived as described using mitochondria replacement technique ([@bib34]). To avoid the potential impact of heteroplasmy level and trauma from mitochondria replacement manipulation on segregation behavior, heteroplasmic mice from the mitochondria replacement founder were used, which possessed naturally inherited levels of heteroplasmy. Pyrosequencing, which has a 1% detection threshold, 100% sensitivity, and 100% specificity ([@bib12], [@bib34], [@bib4], [@bib35]) ([Figure S2](#mmc1){ref-type="supplementary-material"}), was adopted to measure the level of donor mtDNA heteroplasmy with primary and second primers ([Table S2](#mmc1){ref-type="supplementary-material"}, also see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The donor mtDNA heteroplasmy was measured with pyrosequencing in 16 tissues from 37 heteroplasmic mice that were sacrificed as adults (6--8 months old) ([Figure 1](#fig1){ref-type="fig"}A). The mean heteroplasmy level of each adult displaces the natural range (from 1.86% to 38.13%) ([Figure 1](#fig1){ref-type="fig"}B and [Table S3](#mmc1){ref-type="supplementary-material"}). The heteroplasmic value of 16 tissues showed similar regional distribution (p \> 0.05) ([Figure 1](#fig1){ref-type="fig"}C), which initially indicated that segregation of donor mtDNA does not appear in different tissues of the heteroplasmic mice with 3 SNP difference. After incorporation of different tissues into the corresponding germ layer, it was found that there was no significant difference in donor mtDNA heteroplasmy between the three germ layers (p \> 0.05) ([Figure 1](#fig1){ref-type="fig"}D). Then we compared the distribution of donor mtDNA in individual tissues of each adult mouse using normalized variance (V′(h)) calculation as a way to measure the dispersion of donor mtDNA heteroplasmy. A drastic dispersion of donor mtDNA presented in individual tissues of adult mice with lesser than 10% donor mtDNA, evidenced by the greater V′(h) (r = −0.53, p \< 0.001) ([Figure 1](#fig1){ref-type="fig"}E). However, a much narrower distribution with few deviations appeared in individual tissues of adult mice with 10%--20%, or greater than 20%, donor mtDNA, supported by the low V′(h) ([Figure 1](#fig1){ref-type="fig"}E).Figure 1Tissue-Specific Segregation Disappeared with the Increase of Donor mtDNA Mean Heteroplasmy in Adult Mice(A) Schematic model of heteroplasmic mice and dissected tissues in this study.(B) Heteroplasmy of donor mtDNA in individual tissues from heteroplasmic mice with different heteroplasmic levels.(C) Comparison of heteroplasmic distribution in 16 tissues from 37 mice (p \> 0.05, Friedman test). Data are represented as scatterplot with mean ± SD.(D) Comparison of mean heteroplasmy levels in the ectoderm, endoderm, and mesoderm (p \> 0.05, Mann-Whitney test). Data are represented as mean ± SD.(E) Negative correlation between heteroplasmic levels (green) and V′(h) (red) in 16 tissues of each mouse (r = −0.53, p \< 0.001, Spearman correlation test). Error bars indicate SD, with the mean value.See also [Table S3](#mmc1){ref-type="supplementary-material"}.

Distribution of Donor mtDNA in the Blastomeres of Preimplantation Embryos Shared the Same Tendency as that in Adult Tissues {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------

It is known that no net replication of mtDNA takes place before embryo implantation. Therefore each subsequent cell division reduces the amount of mtDNA within the daughter cells by about 50% ([@bib7]). Next, to explore whether "segregation" actually occurs at lower levels of heteroplasmy in adult tissues, we observed the distribution of the two different mtDNA genotypes in each blastomere of embryos at 2-cell, 4-cell, and 8-cell stages from the heteroplasmic mice. As the adult tissues of the heteroplasmic mice, embryos at 2-cell, 4-cell, and 8-cell stages maintained a natural distribution value, ranging from 1.95 to 39.63, 1.81 to 54.24, and 2.57 to 51.91, respectively ([Figures 2](#fig2){ref-type="fig"}A--2C, [Tables S4--S6](#mmc1){ref-type="supplementary-material"}). Similar to adult tissues, we observed that distribution of donor mtDNA heteroplasmy in each blastomere became less diverse as the mean levels of donor mtDNA heteroplasmy gradually increased in 2-, 4-, and 8-cell embryos, respectively. It was witnessed that V′(h) values present a negative correlation with the mean heteroplasmy of embryos at 2-, 4-, and 8-cell stages (r = −0.45, p \< 0.05 for 2-cell stage; r = −0.58, p \< 0.0001 for 4-cell stage; r = −0.48, p \< 0.005 for 8-cell stage) ([Figure 2](#fig2){ref-type="fig"}D).Figure 2Distribution of Donor mtDNA in the Blastomeres of Pre-implantation Embryos Shared the Same Tendency as that in Adult Tissues(A) Schematic model of embryos and dissected blastomeres of embryos at 2-cell stage. Heteroplasmy distribution of donor mtDNA in blastomeres of embryos at 2-cell stage from heteroplasmic mice.(B) Schematic model of embryos and dissected blastomeres of embryos at 4-cell stage. Heteroplasmy distribution of donor mtDNA in blastomeres of embryos at 4-cell stage from heteroplasmic mice.(C) Schematic model of embryos and dissected blastomeres of embryos at 8-cell stage. Heteroplasmy distribution of donor mtDNA in blastomeres of embryos at 8-cell stage from heteroplasmic mice.(D) Negative correlation between donor mtDNA heteroplasmy (green) and V′(h) (red) values in blastomeres of embryos at 2, 4, and 8-cell stage (r = −0.45, p \< 0.05 for 2-cell stage; r = −0.58, p \< 0.0001 for 4-cell stage; r = −0.48, p \< 0.005 for 8-cell stage. Spearman correlation test).Error bars indicate SD, with the mean value. See also [Tables S4--S6](#mmc1){ref-type="supplementary-material"}.

No Selective Replication of Donor mtDNA Took Place during the Progressive Cleavage across Developmental Stages {#sec2.3}
--------------------------------------------------------------------------------------------------------------

To relate the similar distribution trend of donor mtDNA seen in adult tissues with those in blastomeres of cleaving embryos, we compared the dispersion of donor mtDNA from 2-cell with that from adult stage using several statistical comparison methods. We first observed the spread trends from 2-cell to adult stage. The spread of donor mtDNA heteroplasmy between daughter blastomeres within each embryo, calculated as the heteroplasmic range and V′(h) values, increased gradually from the 2-cell through the 4-cell to 8-cell groups (p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}A--3D). These phenomena are consistent with recent studies\' findings, which showed increasing cell-to-cell heteroplasmy variability through early embryonic cleavages ([@bib22], [@bib18], [@bib16], [@bib17]). However, the spread trend returned to the original level as that of 2-cell embryos as development progresses to adult stage ([Figures 3](#fig3){ref-type="fig"}A--3D). Then we further found that adult tissues share a similar distribution of heteroplasmy with early embryos at 2-, 4-, and 8-cell stages (p \> 0.05), calculated as mean heteroplasmy ([Figure 3](#fig3){ref-type="fig"}E), frequency distribution ([Figure 3](#fig3){ref-type="fig"}F), and cumulative probability distribution ([Figure 3](#fig3){ref-type="fig"}G). Thus, from the spread trends and the distribution, it can be deduced that the distribution of donor mtDNA in adult tissues depends on the distribution present in early embryos, suggesting that no selective replication of donor mtDNA took place during the progressive cleavage from the 2- to 4- to 8-cell stages extending to adult.Figure 3No selective replication of donor mtDNA took place during the progressive cleavage across developmental stages(A and B) (A) Spread of donor mtDNA heteroplasmy from embryonic blastomere to adult tissue expressed by heteroplasmy range (maximum or minimum heteroplasmy value minus the mean median of heteroplasmy value). The mean median is defined as half of the sum of maximum and minimum values. Light bar = maximum − median = maximum − $\frac{\text{maximum~} + \text{~minimum}}{2}\text{~~}$ = $\frac{\text{maximum~} - \text{~minimum}}{2}$; dark bar = $\text{minimum} - \text{median} = \text{minimum} - \frac{\text{maximum~} + \text{~minimum}}{2}\  = - \frac{\text{maximum~} - \text{~minimum}}{2}$ (B) V′(h) values of embryonic blastomeres and adult tissue.(C) Comparison of the spread ranges among embryos at 2-, 4-, and 8-cell stage and adults. Data are represented as mean ± SD.(D) Comparison of V′(h) values among embryos at 2-, 4-, and 8-cell stage and adults. Different letters indicate p values \< 0.05 (Mann-Whitney test); error bars indicate SD. See also [Tables S3--S6](#mmc1){ref-type="supplementary-material"}.(E) Comparison of mean heteroplasmy values of embryos at 2-, 4-, and 8-cell stage and adult tissues (p \> 0.05, Mann-Whitney test). Data are represented as scatterplot with mean ± SD.(F) Frequency histogram of the donor mtDNA heteroplasmy of embryos at 2-, 4-, and 8-cell stage and adult tissues.(G) Cumulative probability distribution functions for the heteroplasmy of embryos at 2-, 4-, and 8-cell stage and adult tissues. (p \> 0.05, Kolmogorov-Smirnov test).See also [Tables S3--S6](#mmc1){ref-type="supplementary-material"}.

Tracking Donor mtDNA Distribution Exhibited that Low Level of Donor mtDNA Heteroplasmy Resulted in Its Uneven Inheritance during Early Embryonic Cleavage {#sec2.4}
---------------------------------------------------------------------------------------------------------------------------------------------------------

To explore why donor mtDNA deviation occur in tissues and blastomeres in the \<10% group, we generated heteroplasmic oocytes to observe the distribution of donor mtDNA via spindle-chromosome complex transfer (spindle transfer) ([Figure 4](#fig4){ref-type="fig"}A) ([@bib34]). Briefly, the donor mitochondria were labeled with 250 nM MitoTracker Red. Then spindle transfer was performed between the stained oocytes (donor) and unstained oocytes (recipient) ([Figures 4](#fig4){ref-type="fig"}A and 4B and [Video S1](#mmc2){ref-type="supplementary-material"}). Differing amounts of donor mtDNA were fused into an enucleated recipient oocyte, resulting in varying levels of heteroplasmy (\<10% and \>10%; here we only use \>10% as past results showed no significant difference between the 10% to 20% and the \>20% groups). The levels of heteroplasmy were calculated from the volume ratio (on average 10%:90%) by measuring the diameters of karyoplasts (carrying donor mtDNA). After the oocytes were fertilized *in vitro* and development proceeded, red mitochondria distribution was monitored in individual blastomeres of embryos at the 2-, 4-, and 8-cell stages and the blastocyst. A distinct correlation was observed between the distribution of donor mitochondria and the level of heteroplasmy. For \<10% group, uneven and even configurations of red mitochondria distribution were found in the preimplantation embryos from 2-cell to blastocyst stage. In the uneven group, the number of red mitochondria in each blastomere varied significantly under confocal microscope, with no red mitochondria in several of the blastomeres ([Figures 4](#fig4){ref-type="fig"}B and [S3--S6](#mmc1){ref-type="supplementary-material"}). By contrast, almost equal numbers of red granules were distributed in each blastomere in the even group ([Figures 4](#fig4){ref-type="fig"}B and [S3--S6](#mmc1){ref-type="supplementary-material"}). However, in cells with higher levels of heteroplasmy (\>10%), we observed only even distribution of stained mitochondria, with cells portraying close to equal levels of heteroplasmy ([Figures 4](#fig4){ref-type="fig"}B and [S3--S6](#mmc1){ref-type="supplementary-material"}). Furthermore, statistical comparison found that there were significant differences between \<10% uneven and \<10% even or \>10% groups for donor mtDNA distribution in each blastomere of embryos at 2-, 4-, and 8-cell stages and blastocysts ([Figures 4](#fig4){ref-type="fig"}C and [S3--S6](#mmc1){ref-type="supplementary-material"} and [Tables S7--S10](#mmc1){ref-type="supplementary-material"}). On the contrary, there were no obvious differences between \<10% even and \>10% groups for the distribution in each blastomere of embryos at 2-, 4-, and 8-cell stages and blastocysts ([Figures 4](#fig4){ref-type="fig"}C and [S3--S6](#mmc1){ref-type="supplementary-material"} and [Tables S7--S10](#mmc1){ref-type="supplementary-material"}). This suggests that disproportionate variance increase can arise from partitioning noise with low mitochondrial volumes.Figure 4Tracking Donor mtDNA Distribution in Pre-implantation Embryos Exhibited that Low Level of Heteroplasmy Led to Its Uneven Inheritance during Cleavage(A) Schematic model showing how differing amounts of donor mitochondria were transferred into the recipient oocytes, resulting in the formation of the \<10% heteroplasmy group and the \>10% heteroplasmy group (here we only use \>10% as past results showed no significant difference between the 10%--20% and \>20% group). Depicts the two possible outcomes for each group: even distribution or uneven distribution.(B) The spindle transfer manipulation that resulted into the two groups of differing heteroplasmy (images were taken with Nikon TE, 2000 microscope, 40X); the two separate groups of heteroplasmic oocytes with different heteroplasmy of donor mtDNA; the final outcome of the two groups, with the \<10% group displaying both even and uneven distributions of donor mtDNA in pre-implantation development; the \>10% group only portraying an even distribution in pre-implantation development (images were taken with Leica confocal scanning microscope, 63X). The images of 2-cell in \<10% uneven and \>10% even, and blastocyst in \<10% uneven and \<10% even were also used for measuring fluorescence intensity in [Figures S3](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}, respectively.(C) Statistical comparison of MitoTracker Red distribution in each blastomere of embryos at 2-, 4-, and 8-cell stage and blastocysts. UE, uneven; E, even. Data are represented as scatterplot with mean ± SD. Asterisks indicated significant differences (\*p \< 0.05, \*\*p \< 0.01, Mann-Whitney test). Scale bar, 40 μm.See also [Video S1](#mmc2){ref-type="supplementary-material"}, [Figures S3--S6](#mmc1){ref-type="supplementary-material"} and [Tables S7--S10](#mmc1){ref-type="supplementary-material"}.

Video S1. Spindle Transfer between the Stained Donor Oocytes and Unstained Recipient Oocytes, Related to Figure 4

Discussion {#sec3}
==========

As we know, segregation of mutant mtDNA is a universal event during individual development ([@bib6]). The coexistence of two kinds of mitochondria and its mtDNA may have fatal consequences for the development of offspring ([@bib29]). Mitochondrial replacement technology will inevitably lead to the coexistence of two kinds of mitochondria and mtDNA, so the public has been worried about the potential safety risks since its conception. This study demonstrated that matching the haplotypes of the donor and recipient mtDNA has the potential to circumvent segregation bias and prevent the occurrence of mitochondrial diseases.

When heteroplasmic values are close to the detection limit, technical variability will likely be mixed in with the biological variability and may contribute to "segregation" as well. However, the spread trend of mtDNA heteroplasmy in preimplantation embryo was consistent with recent studies ([@bib18], [@bib22]), suggesing that heteroplasmic values from pyrosequencing are reliable in our study. Our results showed that uneven inheritance donor mtDNA in embryonic blastomeres rather than selective replication of donor mtDNA causes the "segregation" in adult tissues of heteroplasmic mice with low level of heteroplasmy. The spread trend of donor mtDNA heteroplasmy and V′(h) values increases from 2-cell, through 3- to 4-cell, to 6- to 8-cell blastomeres, evidenced by how the spread trend of 8-cell is greater in turn than that of 4-cell and 2-cell blastomeres. This phenomenon is consistent with the results of Johnston et al. and Lee et al. studies ([@bib18], [@bib22]). Recent studies showed that mitochondrial concentration is controlled in the stochastic partition between cell division ([@bib8], [@bib13]). Thus the spread trend could be attributed to how donor mitochondria are randomly assigned into two daughter blastomeres during mitosis of preimplantation embryos, resulting in much higher uneven inheritance of mtDNA in each blastomere when cleavage frequency increased, due to how they are stochastically partitioned during cell division. However, the spread trend in adult tissues almost resumes the initial spread range of the first embryonic cleavage in this study ([Figures 3](#fig3){ref-type="fig"}A--3D). As development progressed to adult stage, each tissue may be developed from more than one blastomere of an embryo at 8-cell stage, thus leading to the spread trend initialization, which indicated that no selective replication of donor mtDNA took place during the progressive cleavage across developmental stages.

Burgstaller et al. found that mtDNA segregation in heteroplasmic tissues is common *in vivo* and may be modulated by haplotype differences ([@bib5]). Based upon their data (See [Methods](#sec4){ref-type="sec"}-Mathematical Analysis section), we created a mathematical model and formula that describes the relationship between the proliferation rate of donor mtDNA and genetic distance. From the formula we can deduce that when genetic distance (*d*) of haplotype differences is equal to or less than 9 SNPs, the expected level of segregation, albeit with substantial uncertainty, drops to zero ([Figure S7](#mmc1){ref-type="supplementary-material"}). Thus, in our study, no segregation is present in tissue of heteroplasmic mice containing two mtDNA genotypes of NZW strain and C57 strain, as the mtDNA genotypes differ at only three SNPs. As mtDNA segregation is controlled by the nuclear genome ([@bib1], [@bib2]), our results suggest that haplotype matching matches foreign mitochondrial and nuclear DNA as well, so that the nucleus treats similar mtDNA sequence the same, thus preventing segregation.

As we know, mtDNA point mutation causes a variety of different phenotypes in humans. The effect of point mutations on segregation in different tissues during lifetime is still enigmatic. Segregation of some mtDNA mutations, such as 8993T \> G, yield no tissue segregation ([@bib36]), whereas for others, such as 3243A \> G, segregation varies drastically among tissues ([@bib9]). The latter seems to violate our results and speculation from Burgstaller\'s data, in which differences less than 9 SNPs could circumvent segregation of mutant mitochondria ([Figure S7](#mmc1){ref-type="supplementary-material"}). Owing to a rapid mutation rate over the human lifetime, a number of novel mtDNA mutations, which constitutes mtDNA polymorphisms, were detected in both pathogenic mtDNA carriers\' and healthy donors\' oocytes ([@bib20]). Owing to how genetic distance between two random selected people will differ at 100 SNPs ([@bib27]), previous studies found that polymorphisms can grant a replicative advantage ([@bib6], [@bib20]). It has been demonstrated that some mtDNA point mutations, such as 3394C variant, may either be deleterious or beneficial depending on its haplogroup and environmental context ([@bib15]), suggesting the segregation of point mutations associated with the polymorphisms. We hypothesize that original polymorphisms and novel variations may interact with pathogenic point mutation to constitute a network with nuclear DNA to regulate mutant and non-mutant mtDNA proliferation. Thus, multiple factors should be combined and taken into account for the point mutations as well as other mutants on segregation in further study.

In summary, mitochondrial segregation inevitably occurs in offspring from mitochondrial replacement manipulation if no haplotype matching has been conducted. This study indicates that genetic similarity between donor and recipient mtDNA has the potential to circumvent the segregation bias toward pathogenic maternal mtDNA in tissues of mitochondria replacement offspring. Thus our results recommend that mtDNA haplotype matching should be undertaken between the donor and recipient, as it could "fool" the nucleus into treating the donated mtDNA and the native pathogenic mtDNA the same, thereby eliminating any proliferative advantage, and circumvent any segregation bias and prevent the onset of mitochondrial diseases.

Limitations of the Study {#sec3.1}
------------------------

Although this study has demonstrated that matching mtDNA haplotypes could circumvent the tissue segregation of mutant mitochondria in heteroplasmic mice with 3 SNP difference, more spectra (such as 3--18 SNPs) of mitochondrial genetic differences between two kinds of mice should be conducted to clearly address the minimum distance that can circumvent tissue segregation. Furthermore, screening key SNP loci or regulatory networks, which is associated with mtDNA replication and proliferation in nuclear and mtDNA sequences, may make it easier to find a suitable recipient donation and prevent the occurrence of mitochondrial diseases.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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========================
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